Opa proteins of Neisseria gonorrhoeae bind to CD66 receptors on human phagocytes, thereby inducing efficient uptake of the bacteria in the absence of opsonins. The interaction of Opa proteins and CD66 receptors leads to activation of Src family tyrosine kinases, a process that is of critical importance for the efficient, CD66-mediated internalization. Here we show that during Opa-mediated stimulation of CD66 the activity of the host cell tyrosine phosphatase SHP-1 is strongly downregulated, concomitant with increases in the tyrosine phosphorylation of several cellular proteins. Since the SHP-1 tyrosine phosphorylation level itself is influenced by Opa-induced events, this phosphatase comprises an important regulatory checkpoint of the pathogentriggered signaling cascade in human phagocytes.
Pathogens and their host cells engage in intimate cross talk (9) . This is reflected on the molecular level by the activation of cellular signal transduction pathways upon binding of specific bacterial adhesins to plasma membrane receptors (3) . In many examples, the pathogens trigger tyrosine phosphorylationbased signaling cascades that lead to their uptake by eukaryotic cells (2, 10) .
The human-specific, gram-negative pathogen Neisseria gonorrhoeae is known to interact with different cell types by means of a given set of phase-variable outer membrane proteins, the opacity-associated (Opa) proteins (24) . These bacterial adhesins bind to CD66 molecules that comprise a family of immunoglobulin-like glycoproteins expressed on a variety of human cells (11, 36) . On human phagocytes, Opa 52 -expressing gonococci recognize CD66a (BGP), CD66c (NCA90), and CD66d (CGM1) (12) . In contrast to CD66c, a glycosylphosphatidylinositol (GPI)-anchored membrane protein, both CD66a and CD66d contain intracellular domains encompassing tyrosine residues which can be phosphorylated in response to extracellular stimuli (25, 31) . In the case of CD66a, phosphorylation of tyrosine residue Tyr-488 has been reported elsewhere (26) . The phosphorylation of this residue in turn leads to the recruitment of SH2 domain-containing signal transduction molecules. In particular, Src family kinases have been found to interact with the cytoplasmic tails of CD66 proteins (8, 30) . In line with these results, stimulation of CD66 on human phagocytes by Opa 52 -expressing bacteria triggers an intracellular signaling cascade involving the Src family kinases Hck and Fgr (14) . Interestingly, treatment of cells with the general phosphatase inhibitor vanadate results in phosphorylation of CD66a at Tyr-488 (21) . This observation led us to speculate that tyrosine phosphatase(s) might play an important regulatory role in the early signaling events following CD66 receptor occupation by bacterial adhesins.
In this paper, we demonstrate that the activity of the cytoplasmic tyrosine phosphatase SHP-1 is downregulated in response to CD66 stimulation by Opa-expressing gonococci. The strong decrease in phosphatase activity is observed in an in vitro-differentiated myelomonocytic cell line as well as in primary neutrophils and is accompanied by decreased tyrosine phosphorylation of SHP-1. Downregulation of SHP-1 phosphatase activity parallels the reported increases in Hck and Fgr tyrosine kinase activity and therefore seems to be an important prerequisite for the observed accumulation of tyrosine-phosphorylated proteins upon bacterial infection.
To demonstrate the significance of tyrosine phosphorylation in the interaction between phagocytes and pathogenic gonococci, we analyzed the tyrosine-phosphorylation events following infection of human phagocytes with Opa-expressing gonococci. Therefore, human myelomonocytic JOSK-M cells, cultured in RPMI 1640 containing 5% fetal calf serum, were differentiated for 4 to 6 days in RPMI 1640 with 5% heatinactivated fetal calf serum containing bufalin (10 nM; Sigma, Deisenhofen, Germany) and retinoic acid (100 nM; Sigma) as described elsewhere (13) . The gonococcal strains N280, a piliated variant exhibiting the transparent phenotype (Opa Ϫ P ϩ ), and N309, an isogenic nonpiliated (P Ϫ ) variant constitutively expressing a CD66-specific Opa protein (Opa 52 ) (14, 19) , were grown on GC agar (Life Science Technologies, Paisley, United Kingdom) supplemented with vitamins and corresponding antibiotics at 37°C in 5% CO 2 . To investigate cellular tyrosine phosphorylation events, differentiated JOSK-M cells (4 ϫ 10 6 cells) were infected at a multiplicity of infection (MOI) of 50 bacteria/cell for the indicated times, at which the cells were lysed at 4°C with radioimmunoprecipitation assay (RIPA) buffer (25 mM HEPES [pH 7.4]; 0.1% sodium dodecyl sulfate [SDS]; 0.5% sodium deoxycholate; 1% Triton X-100; 125 mM NaCl; 10 mM [each] NaF, Na 3 VO 4 , and sodium pyrophosphate; and 10 g each of aprotinin and leupeptin per ml). After centrifugation at 20,000 ϫ g for 15 min, 5ϫ sample buffer was added to the supernatant, and the whole-cell lysates were separated by SDS-polyacrylamide gel electrophoresis (PAGE), transferred to polyvinylidene difluoride membranes (Bio-Rad, Munich, Germany), and incubated overnight at 4°C with a monoclonal antiphosphotyrosine antibody (clone 4G10; Upstate Biotechnology Inc., Lake Placid, N.Y.). Immunoblots were developed by incubation with horseradish peroxidaseconjugated protein G (Bio-Rad) and use of the ECL chemiluminescent substrate kit (Amersham, Braunschweig, Germany). As shown in Fig. 1 , infection with Opa 52 -expressing gonococci (N309) did lead to strong increases in the tyrosine phosphor-ylation of multiple phagocyte proteins. Most notably, tyrosine phosphorylation was augmented in proteins with estimated molecular masses of ϳ32, 43, 55 to 65, 95, and 115 to 120 kDa and was maximal between 30 and 60 min (Fig. 1 , lanes 1 to 5). In contrast, N. gonorrhoeae N280 (Opa Ϫ P ϩ ) did not elicit comparable effects, and cellular tyrosine phosphorylation in infected cells was comparable to background levels in uninfected cells (Fig. 1 , lanes 6 to 8; note that lanes 6 to 8 in Fig.  1 show a longer exposure than that in lanes 1 to 5). In addition, only Opa-mediated binding to CD66 has been shown to result in effective internalization of the bacteria (14) , though gonococci are capable of interacting with human neutrophils in the absence of opsonins via both Opa 52 and pili (17) .
Interestingly, the increases in tyrosine phosphorylation paralleled the increase in Src family tyrosine kinase activities observed with JOSK-M cells and primary neutrophils during nonopsonin-mediated uptake of Opa 52 -expressing gonococci (14) . It is now well established that the activity of Src family tyrosine kinases can be directly regulated by the action of tyrosine phosphatases (33) . In particular, dephosphorylation of a tyrosine residue close to the C terminus of these kinases can lead to activation due to the release of an intramolecular autoinhibition involving this residue and the SH2 domain (38) , whereas dephosphorylation of a tyrosine residue in the kinase domain downregulates kinase activity (4, 34) . Therefore, activation of Src kinases can be accomplished by increased phosphatase activity directed to the C-terminal tyrosine and decreased phosphatase activity directed toward the tyrosine residues in the kinase domain. Since the cytosolic, SH2 domain-containing tyrosine phosphatases SHP-1 (PTP1C, HCP) and SHP-2 (PTP1D, Syp) have been implicated in controlling the activity of Src family tyrosine kinases (22, 23) , we wondered whether these enzymes could be involved in the nonopsonic uptake of gonococci. Whereas myelomonocytic JOSK-M cells expressed SHP-1, SHP-2 protein expression was not detectable in differentiated and undifferentiated JOSK-M cells by Western blotting (data not shown).
To test whether SHP-1 activity was affected by infection of phagocytes with gonococci, differentiated JOSK-M cells (10 7 (Fig. 2A) . Within 30 min postinfection, phosphatase activity decreased to 43% of the initial activity. In contrast, phagocytes infected with N280 (Opa Ϫ P ϩ ) showed no significant change in SHP-1 activity over the observed time course. Western blotting of aliquots of each sample demonstrated similar amounts of SHP-1 in the immunoprecipitates used for phosphatase assays (Fig. 2B) .
To further substantiate these findings, we tested whether SHP-1 activity follows a similar change in primary human neutrophils upon infection with gonococci expressing the CD66-binding Opa 52 protein. Therefore, neutrophils were isolated from human blood by the method of Brandt et al. (6) . Neutrophils (10 7 ) in RPMI 1640-5% heat-inactivated fetal calf serum were seeded in 60-mm-diameter cell culture dishes and infected with N309 and N280 at an MOI of 50. At the indicated times, cells were lysed in RIPA buffer, SHP-1 was immunoprecipitated, and immunocomplex phosphatase assays were performed as described above. Again, infection with Opa 52 -expressing N. gonorrhoeae led to a reduction in SHP-1 activity, whereas nonopaque, piliated gonococci (N280) did not cause any alteration in the activity of this tyrosine phosphatase (Fig.  3A) . The kinetics of SHP-1 inactivation in primary neutrophils paralleled the time course observed with JOSK-M cells with a minimum of phosphatase activity at 30 to 60 min following infection. Interestingly, the decrease in SHP-1 activity induced by N309 was even more pronounced in primary neutrophils than in JOSK-M cells. Within 30 min after the start of the infection, approximately 26% of the initial SHP-1 activity could be detected in cells infected with the Opa 52 -expressing strain. Western blotting of aliquots of each sample demonstrated that the observed decrease in SHP-1 activity was not due to lower amounts of immunoprecipitated SHP-1 in these samples (Fig. 3B) .
Since the activities of SHP-1 and SHP-2 can be influenced by tyrosine phosphorylation (5, 20, 23, 35 , 37), we tested whether there is a change in tyrosine phosphorylation of SHP-1 upon encounter of phagocytes with Opa 52 -expressing N. gonorrhoeae (N309). Immunoprecipitates of SHP-1 from infected JOSK-M cells (1.5 ϫ 10 7 cells) were analyzed by using monoclonal antiphosphotyrosine antibodies (clone 4G10; Upstate Biotech- nology Inc.). Upon infection with N309, tyrosine phosphorylation of SHP-1 decreased within 30 to 60 min (Fig. 4A) . This reduction paralleled the time course observed for SHP-1 activity in JOSK-M cells and primary neutrophils. Significantly, tyrosine phosphorylation of SHP-1 did not markedly change in JOSK-M cells infected with nonopaque, piliated gonococci (N280). Samples of the SHP-1 immunoprecipitates were separated by SDS-PAGE and probed with anti-SHP-1 antibodies to demonstrate equal amounts of precipitated enzyme (Fig.  4B) .
The observation that SHP-1 tyrosine phosphorylation is reduced synchronously with its phosphatase activity in response to CD66 stimulation is in agreement with previous reports (35, 37) . Nevertheless, it is remarkable with regard to the overall increase in tyrosine phosphorylation (Fig. 1) . This emphasizes the complexity of signaling cascades, where the counteracting processes of tyrosine phosphorylation as well as dephosphorylation have to be integrated (16) . Since activation of Src family kinases requires a tyrosine phosphatase activity directed toward the C-terminal tyrosine residue, it is tempting to speculate that the same enzyme might act on SHP-1. Thereby, such a regulatory molecule could coordinately stimulate Hck and Fgr and downregulate SHP-1 activity. Interestingly, upon vanadate treatment of mouse colon carcinoma cells overexpressing CD66a, an association between SHP-1 or SHP-2 and CD66a has been reported elsewhere (1, 15) . Therefore, the simultaneous recruitment of Src family tyrosine kinases and SHP-1 to the phosphorylated CD66 cytoplasmic tail could place these signaling molecules in proximity to a common upstream regulator.
Our results show for the first time the physiological consequences of CD66 receptor activation for the function of the tyrosine phosphatase SHP-1. In immortalized as well as primary cells that do not overexpress the receptor or the phosphatase, SHP-1 activity is downregulated following CD66 engagement. Therefore, the results of this study imply that SHP-1 constitutes a negative regulator of CD66-triggered tyrosine phosphorylation by Src family kinases. This conclusion is in line with results from SHP-1-deficient (moth-eaten) mice, where decreased SHP-1 activity leads to hyperactive Fyn and Lyn kinases in T cells (22, 27) . In addition, stimulation of human neutrophils with phorbol myristate acetate or zymosan results in decreased SHP-1 activity, and this event is accompanied by increased tyrosine phosphorylation of cellular proteins (7) .
Since CD66a is downregulated in colorectal carcinomas and has the potential to function as a tumor suppressor molecule in colon epithelial cells (18, 28) , CD66-mediated signaling events are of major importance. Based on our findings, we would predict that constitutively activated versions of SHP-1 inhibit a CD66-initiated signaling cascade in human phagocytes and possibly prevent the uptake of Opa 52 -expressing bacteria. The further use of Opa 52 -expressing gonococci as a specific multivalent and spatially confined stimulus for CD66 molecules will help in elucidating the signaling mechanisms triggered by these receptors.
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